Abstract -We reported on the use of experimental procedures dealing with these behavioural skills in the assessment of pesticide effects. The relevance of the following methods are discussed: (1) use of automatic activity counters set at the hive entrance to establish the balance between outgoing and incoming worker bees; (2) observation of the homing flights of bees; (3) the analysis of the information encoded in the dances of returning foragers; and (4) recording of the conditioned proboscis extension response on restrained bees to evaluate individual learning performances involved in foraging behaviour. These behavioural assays could be developed for sublethal toxicity assessment. However, careful validation of the tests is needed before being used in a routine evaluation procedure. At a minimum, they are valuable tools to understand the mechanisms underlying insecticide toxicity.
INTRODUCTION
Honey bees, Apis mellifera L., are ecologically and economically important insects. Honey bees ensure the pollination of many wild flowers, and thus contributing to plant biodiversity. The economic value of honey bees results not only from the hive products (honey, royal jelly, wax) but also from their pollinating activity on crop plants (Williams, 1994) . Under temperate climatic conditions, pollination activity takes place from early spring (March-April) to mid-autumn (beginning of October). Therefore honey bees may be exposed to repeated applications of chemical pesticides.
When assessing potential risks of pesticides on honey bees, one has to consider the specificity of bee biology, in particular their social organisation. Social behavior relies on task distribution; the performance of different duties by individual bees depending on their age, genetic background, and environmental conditions (Calderone and Page, 1992) . Most often, younger bees are involved in hive duties (nursing, cleaning, cell building) then some become guards, and older bees start to forage (Seeley, 1982) . Not only foragers visiting crops are exposed to pesticides, hive bees and larvae feeding on pollen and nectar stored in the combs are also exposed. This means that different lifestages of honey bees (larvae and adults of various ages or involved in different duties) can be exposed. Also, the concentration and duration of the exposure can vary: the quantity of chemicals, the persistence of residues, and the frequency of spraying on the crop are not the only information to take into account, since the product can be accumulated over long periods in the hive, and subjected to degradation/concentration processes. Therefore, it is especially important to estimate the actual risk, which results from the combination of the toxicity of the chemical and the exposure of bees to the product. In addition, both lethal and sublethal effects should be considered. While lethal effects are rather easy to determine and can lead to discarding a product, more subtle effects at various levels of bees physiology or behaviour are less obvious to detect, but may also affect honey bee populations. The honey bee risk assessment scheme in Europe tentatively takes into account these different aspects (EPPO, 1993) .
When the standard procedures are insufficient to determine the effect of a product, the official decision scheme recommends the use of other studies that could provide additional information. However, there is no reference to specific studies. In the context of a growing concern about environmental effects of pollutants, more standardised methods to evaluate sublethal effects of pesticides, especially on bee behaviour, may be needed.
METHODS TO ASSESS BEHAVIOURAL EFFECTS OF PESTICIDES
A recent review of research dealing with ecotoxicological effects of xenobiotic compounds on the honey bee transmitted to the French Agriculture Ministry in 2000 in the frame of an European programme to support French beekeeping covered the period from 1949 to 1999, and gathered more than 500 references. These studies can be classified according to the type of products considered, which includes not only different kind of pollutants, but also veterinarian products and knock-down products such as smoke used for beekeeping purposes. When focussing on studies dealing with ecotoxicity of xenobiotic compounds, two main objectives are targeted, the protection of the pollinating insects against the side-effects of the products, and the use of these insects as bio-indicators of pollution including radioelements. Publications reporting methods that aim to protect pollinating insects, or at least to predict the impact of products on bees, are still very numerous (more than 300 papers), but many of them examine the effects on wild pollinators and not on honey bees, several papers are published by the same authors or are review papers, and only the most recent papers (published after the 70's) actually address a risk assessment concern. Thus, about a hundred papers form the basis of the available information on the assessment of toxic compounds to bees. However, many fewer papers specifically deal with sublethal effects on the behaviour, although various approaches can be proposed.
Recently, in the case of Gaucho ® treated sunflower seeds in France, which supposedly impairs honey bees behaviour, several methods were developed by different teams to evaluate sublethal effects of this insecticide on honey bees. Behaviours such as olfactory learning responses, recruiting dances, foraging behaviour etc., as well as colony development were studied (Pham-Delègue and Cluzeau, unpublished data; Kirchner, 1999; Colin et al., 2001; Decourtye et al., 2000; Guez et al., 2001; Lambin et al., 2001; Schmuck et al., 2001) . Depending on the methods, different Lowest Observed Effect Concentrations were found, which questioned the value of these bioassays in terms of their representation of effects found under natural conditions. Sublethal effects were also reported for other pesticides, such as delayed mortality or disappearance after low dose treatment with cypermethrin (Bendahou et al., 1999) , decreased egg laying due to sublethal doses of dimethoate (Lensing, 1986) , or disruption of homing flights after exposure to sublethal doses of deltamethrin (Vandame et al., 1995) .
In the present paper, we do not intend to give an exhaustive presentation of all the published studies, but only to present some studies that are of special interest for the estimation of behavioural effects of pesticides. In the honey bee, foraging is governed by individual learning and orientation abilities, and by social communication. We detail experimental procedures to assess the effects of low doses of pesticides on these specific behavioural processes.
Monitoring honey bees activity at the hive entrance
When no visible mortality is detected in close proximity to the hive, it may be appropriate to quantify bee losses as a potential effect of insecticide treatment. Quantifying bee loss is also useful as a regular beekeeping practice to follow the hive activity. Several attempts were made to design automatic counters of outgoing and incoming honey bees. The first prototypes were based on the recording of electrical impulses (Lundie, 1925; Fabergé, 1943) or on the use of photoelectric signals (Brittain, 1933) . Another system was designed by Chauvin (1952) , based on a mechanical set up that distinguished between outgoing and incoming flights, which was easily adapted to Dadant hives. Based on Brittain's system, several works have progressively improved the functioning of the apparatus (Kerfoot, 1966; Spangler, 1969; Burril and Dietz, 1973; Erickson et al., 1975) . More recently, modern systems introduced electronic counters, the use of infra-red light sensors, two sensor couples to discriminate the direction of the bee movement, and computer data analyses (Marletto and Piton, 1983; Rickly et al., 1989; Liu et al., 1990; Struye et al., 1994) . These devices were robust and adapted to outdoor conditions. Therefore they were adequate to carry out semi-field or field trials to follow daily activity of the colonies and detect bee losses due to predators, pathogens, or poisoning. The most sophisticated system currently commercialised (BeeScan, Lowland Electronics, Belgium) comprises 32 bidirectional chanals with stairs to avoid a continuous bee flow, high resolution between two successive recordings, and good compatibility with standard statistical software. This device is still the only automatic counter available, and gives valuable data on the activity rhythm during the day although bad interpretation of the data may lead to incorrect conclusion as mentioned by the company which designed the counter (Struye, 2001) . Shifts of this parameter may indicate avoidance behaviour when a contaminated source is presented, as shown when a high concentration (50 ppb) of imidacloprid was delivered to bees within cages (Decourtye et al., 2000) . The potential use of this device for large-scale field experiments is still under evaluation.
Orientation behaviour and dances
When bee losses are observed, and insecticide intoxication is suspected, there may be alteration of the flight pattern between a contaminated food source and the hive. It can be hypothesized that the homing flight of the exposed forager or of the information given by the dances of the returning forager may be impaired.
The first hypothesis was tested by Vandame et al. (1995) who recorded the time needed to return to the hive when bees were exposed to deltamethrin in a tunnel. They found that treated bees flew towards the sun light, and took significantly more time to fly back to the hive. This disorientation was attributed to an effect on the storage or retrieval of spatial information. The parameters compared between treated and control bees were the angle between the hive and the feeder where bees were released (8 m from the hive) after treatment, and the homing flight duration. Such parameters appeared to be sensitive enough to reveal the effect of an insecticide. Similar experiments using other chemicals are needed to confirm the effect of various insecticides on the homing flight.
In addition, since the work of von Frisch (1967 for a review), it is recognized that dances produced by a returning forager code information about the distance and the direction of the food source. This coding ability was affected by prior exposure to sublethal doses of parathion, leading to changes in the angles of the dancing poisoned bees, or in the rhythm of the wagging dance (Schricker and Stephen, 1970; Schricker, 1974) . The same approach was used by Kirchner (1999) . He reported a reduction in the foraging activity on a food source contaminated with imidacloprid (20-100 ppb) due to the induction of trembling dances that prevent other bees from foraging. The information coded in the dances about distance and direction also was less precise. Such a method based on the recording of dance parameters (Kirchner and Lindauer, 1994) appears to be a valuable and sensitive tool to collect objective data on behavioural effects of an exposure to pesticides. However, these observations are time consuming and require much expertise by the observer, because they are based on the analysis of dance parameters from video recordings of tagged individuals.
The proboscis extension response
When landing on a flower, each forager is subjected to a conditioning process where floral cues (smell, colour, shape) are memorised after being associated with a food reward (nectar and pollen; Menzel and Müller, 1996) . Under laboratory conditions, olfactory learning can be studied using a bioassay based on the conditioning of the proboscis extension reflex (PER) applied to restrained individuals (Takeda, 1961) . Moreover, it has been shown that PER data in terms of time course of memory and olfactory discrimination abilities, are well correlated to olfactory responses of freeflying bees under cage or field conditions (Mauelshagen and Greggers, 1993; PhamDelègue et al., 1993; Laloi et al., 2000) . This suggests that effects found in PER responses obtained under laboratory conditions may reflect effects that would occur under more realistic situations. In the case of insecticide poisoning, it is of interest to verify whether this correlation exists. The availability of a predictive laboratory assay to evaluate the impairment of foraging behaviour would be valuable to complement field or semi-field assays, which are often characterised by fluctuating conditions leading to difficulties in data interpretation. Several authors have tentatively used the PER bioassay to assess behavioural effects of pesticides.
The bioassay has been detailed by Bitterman et al. (1983) and Sandoz et al. (1995) . It consists first in a conditioning phase where the conditioned stimulus CS (i.e. a floral odour) is presented simultaneously to the unconditioned stimulus US (sugar solution contacting the antennae, tarsae or mouthparts) and to the uptake of a sugar reward R. Second, an extinction phase is applied, where the CS alone is delivered. The honey bees can be exposed to the toxicant at various stages of the procedure:
(1) prior to the bioassay, which may be analogous to the case of bees feeding on contaminated food stored in the hive, before becoming foragers;
(2) during the conditioning phase, the product being administered in the reward, analogous to the exposure of foragers visiting a treated flower; (3) between the conditioning and the extinction phases, to evaluate the effect of the product on the time course of memory.
Thus, a 24 h-exposure to a range of pyrethroids prior to the PER assay led to differential decreases in the acquisition of the conditioned response, allowing for a classification of the products (Taylor et al., 1987) . Longer term exposure (11-12 days) to endosulfan or imidacloprid prior to conditioning induced a significant reduction in olfactory learning performances, whereas the same compounds added at the same concentration to the sucrose reward had no effect (Decourtye, 1998) . But contamination in the reward solution with different products (endosulfan, Baytroid ® , Decis ® , Sevin ® ) may affect the learning process as shown by Abramson et al. (1999) . Acquisition and extinction phases were differentially affected depending on the product. Complementarily, the products can be added to the CS to establish a possible repellent effect, impairing olfactory learning. Among the products used by Abramson et al. (1999) , none had such a repellent effect. Finally, postconditioning exposure to permethrin did not disrupt further conditioned responses observed during the testing phase (Mamood and Waller, 1990) .
Parallel to classical conditioning procedures, additional information can be obtained from more complex learning procedures such as a discriminative conditioning where one CS+ is associated to a positive reward while an alternative CS-receives no reinforcement. This procedure facilitates the elicitation of conditioned responses to the CS+. Stone et al. (1997) indicated that this protocol produced responses more robust than those obtained in a standard PER procedure. Thus a 24 h pre-exposure to dicofol affected the learning abilities during the classical conditioning, but not during the discriminative procedure.
However, few studies have used the PER procedure to evaluate sublethal effects of pesticides on bees despite the fact that this approach appears promising. Indeed, conditioned learning is part of honey bees' natural behavioural repertoire, and it reflects food-location behaviour of free-flying foragers. PER conditioning allows controlled insecticide exposure and standardised recordings of behavioural responses. It also provides information on the mechanisms of memory impairment by toxicants. However, further work is needed to establish the variability of this response, since it has been shown that factors such as age, genetic origin, rearing conditions, and season, may affect the level of conditioned responses (Decourtye and Pham-Delègue, 2002) . Furthermore, the general correlation between effects found under laboratory and more natural conditions remains questionable because of the discrepancy in the risk of exposure to a toxic. Pyrethroids provide a good example of the difficulty in interpreting laboratory data. In the field, these products are known to repel foragers, therefore exposure is much reduced in comparison to laboratory conditions. Although field or semi-field conditions are the most relevant to establish realistic risks, the PER assay could give additional specific information on the mechanisms involved.
CONCLUSION
The existing regulatory procedures for risk assessment, based on laboratory, semi-field and field assays, already provide a wide range of information on the potential effects of pesticides on honey bees. However, most assays are based on the recording of mortality, and little information is provided on sublethal effects, except in brood tests. Among sublethal effects, those affecting honey bee behaviour are of utmost importance, since behavioural impairment may have a strong consequence on pollination efficiency. To be reliable, a behavioural assay should fulfil several conditions: it should be reproducible, sensitive enough to low doses of toxic, easily carried out to facilitate the collection of objective and quantified data, and reflective of realistic situations. The behavioural assays mentioned above, could be developed for toxic evaluation purposes. However, for new testing methods, careful evaluation and validation of the tests are needed before a test can become eligible as a routine evaluation procedure.
One critical issue for such validation is the interpretation of the behavioural effects, since it is often not obvious how to relate such effects to a single factor like insecticide exposure. For example, the effect of an insecticide can be increased by the addition of a fungicide (Colin and Belzunces, 1992) , or by various factors such as pollen feeding (Wahl and Ulm, 1983) , season (Decourtye and Pham-Delègue, 2002) or genetic origin (Suchail et al., 2000) . Another point to emphasize is the need to determine the actual exposure to the product, which is crucial to establish the link between the toxicity of a given product and the risk under field conditions. It requires the quantification of the amounts of residues in different locations (nectar, pollen, flower, hive), and with time. Such quantification requires the availability of reliable and highly sensitive chemical analyses (Bonmatin et al., 2000) . Finally, whenever a behavioural effect is found under laboratory conditions, and reflects an impact of a toxic under natural conditions, the threshold of acceptable impairment has to be established at the honey bee population level. This acceptability threshold may depend on various considerations such as the impact on biodiversity, or the economic loss for beekeepers, or plant producers, or even the social concern about the environmental impact of pesticides. The behavioural methods presented herein are potential decision-making tools, and at least they could help in the understanding of mechanisms underlying insecticide toxicity.
sur les abeilles domestiques. Ces tests ont pour but l'évaluation du risque, qui résulte de la combinaison de la toxicité du produit et de l'exposition réelle des abeilles à ce dernier. Pour ce faire, les tests suivent un schéma séquentiel fondé sur des évalua-tions au laboratoire, en conditions semi-naturelles ou naturelles, prenant en compte principalement la mortalité. Or, dans certains cas la toxicité d'un produit peut se traduire par des effets sublétaux. L'objectif de ce texte est de présenter des approches qui permettent de quantifier de tels effets sublétaux, notamment sur le comportement, composante clé de l'efficacité pollinisatrice et de la production de miel. Nous avons choisi de présenter des méthodes d'études comportementales objectives et quantifiées. Une première méthode s'appuie sur l'enregistrement de la fréquence des entrées et sorties de la ruche, qui indique l'activité de la colonie et peut être automatisée au moyen de compteurs d'abeille. Ces compteurs sont en cours de perfectionnement, mais des modèles sont déjà commercialisés. Ils permettent d'estimer des pertes d'abeilles domestiques liées à un traitement insecticide, grâce au bilan des entrées et sorties. Toutefois, leur utilisation potentielle à grande échelle est encore en cours de validation. D'autres méthodes sont basées sur l'observation du comportement d'orientation vers la ruche et de la communication sociale par les danses. Des perturbations de ces comportements à la suite d'exposition à des insecticides ont été observées, et peuvent être à l'origine de perte d'abeilles. Cependant l'analyse de ces comportements demeure assez longue et délicate. Enfin, l'extension conditionnée du proboscis, réponse utilisée par divers auteurs pour l'étude de la mémoire olfactive, présente des qualités essentielles pour son application en test d'écotoxicologie (sensibilité, mise en oeuvre aisée). Mais les facteurs de variabilité de ces réponses, ainsi que leur corrélation avec le comportement au champ, restent à préciser. En conclusion, des essais comportementaux tels que ceux mentionnés pourraient être des outils d'évaluation d'effets sublétaux de pesticides, pour comprendre les mécanismes de l'intoxication, sous réserve de leur validation comme tests de routine en écotoxicologie. 
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